Plasmid pTO1 containing the oriT fragment from RK2, the Escherichia coli replication function from pBR322, and a DNA fragment of actinophage PC31 with the attachment site was transferred from E. coli S17-1 to strains of the genera Actinomadura, Arthrobacter, Micromonospora, Nocardia, Rhodococcus, and to 16 strains of the genus Streptomyces. The frequency of conjugant formation was 1U10
Introduction
It is well known that the techniques of protoplasting and transformation by plasmid DNA often prove little e¡ective for streptomycete industrial producers of antibiotics and have not been developed for many other representatives of the order Actinomycetales. Therefore, the method of plasmid conjugative transfer from Escherichia coli to Gram-positive bacteria is of great importance. Trien-Cuot et al. [1] demonstrated in 1987 the possibility of conjugative plasmid transfer from the donor E. coli strain to some Grampositive bacteria. Mazodier et al. [2] presented the initial protocol for E. coli-Streptomyces spp. intergeneric conjugation. These experiments were performed with plasmids that contained the E. coli pBR322 replicon and a 760-bp DNA fragment with the oriT of RK2. Mobilization of plasmids from the donor strain E. coli S17-1 occurred due to the tra operon of plasmid RP4 that functions in trans. In addition, these plasmids contained DNA fragments essential for plasmid maintenance in streptomycete recipient strains.
We employed plasmid pTO1 [3] to transfer it to strains of di¡erent genera of the order Actinomycetales by intergeneric conjugation. Previously, we demonstrated that this plasmid is conjugatively transferred from donor E. coli S17-1 to Streptomyces spp. [4, 5] and to Rhodococcus spp. [6] and integrates into recipient chromosomes.
We report here that plasmid pTO1 can pass on conjugatively from E. coli S17-1 to a large number of representatives of the Actinomycetales order. Inheritance of pTO1 in strains of the genus Streptomyces and strain Arthrobacter auresceus ATCC 13344 was 80^100%. The loss of this plasmid with di¡erent frequencies in strains of other genera was observed. Plasmid pTO1 integrated into the chromosomes of a number of recipient strains.
Materials and methods

Strains, plasmid and media
All strains of the order Actinomycetales were obtained from the Russian National Collection of Industrial Microorganisms (VKPM) ( Tables 1 and 2 ). All strains of Actinomycetales were sensitive to thiostrepton (Th) at a dose of 25 Wg ml 3I and were naturally resistant to nalidixic acid (Nal) at a dose of 50 Wg ml 3I . Nal was used to counterselect a sensitive E. coli donor. Complete agar media SR6 [7] , SR12 [8] , and YSP [9] were used to grow strains of Actinomycetales and for intergeneric conjugation with E. coli.
Plasmid pTO1 (Fig. 1 ) contained an oriT fragment from RK2, E. coli replication functions from pBR322, a fragment of actinophage PC31 DNA with the attachment site (attP) and integrative genes. The tsr and bla genes encoding resistance to Th and ampicillin (Ap) in pTO1 were used for selection in Streptomyces and E. coli, respectively. The plasmid does not contain replicative functions of streptomycete plasmids and can be maintained in strains of this genus only in the chromosomally integrated state.
Strain E. coli S17-1 [10] carrying a chromosomally integrated derivative of RP4 was generously provided by P. Mazodier (France). Strain E. coli S17-1 carrying conjugative plasmid pTO1 was used as a donor in intergeneric conjugation. Both strains were cultivated in LB broth [11] and LB medium with 1% of Difco agar (LBA).
Intergeneric conjugation
The donor strain E. coli S17-1 carrying plasmid pTO1 was prepared for conjugation according to Mazodier et al. [2] .
Spore-forming strains of Actinomycetales were grown on agar media optimal for vigorous sporulation. Spore suspension at a concentration of 1U10 W was subjected to heat shock at 50³C for 10 min (except for strain S. virginiae ATCC 13161, which is sensitive to heat). Strains of non-mycelium-forming actinomycetes were grown overnight in LB at 28³C. No heat shock was applied to these cultures. Donor and recipient cells mixed in a 2:1 ratio were distributed on the surface of dried plates containing media optimal for growth of the recipient strain. The plates were incubated overnight at 30³C and then covered with 1 ml of water containing 500 Wg of Th and 200 Wg of Nal. Plates were incubated at 30³C for 8 days, until exconjugants appeared.
Frequency of lysogenization
Temperate phage PC31 R3 carrying the tsr gene for resistance to Th was used in lysogenization experiments. Lysogenization frequency of Streptomyces strains by this phage was estimated by counting the number of Th-resistant clones according to Chater et al. [12] .
Stability of plasmid inheritance
Stability of pTO1 plasmid inheritance in exconjugants was determined as the ratio of the number of colonies that retained resistance to Th after three passages of the strain under selective (with Th) and non-selective conditions to the total spore number in a population (in percent).
DNA isolation and characterization
Isolation of plasmid and chromosomal DNAs from E. coli and strains of Actinomycetales followed the technique described in [13] . Other DNA manipulations, such as restriction, electrophoresis, ligation of DNA fragments, and DNA-DNA hybridization, were carried out as in [14] .
Results and discussion
3.1. Examination of strains for their ability to be lysogenized by phage PC31 R3
Plasmid pTO1 has no replicon to be maintained in recipient strains of the order Actinomycetales and can exist only in the chromosomally integrated state due to the presence of the phage PC31 attP site in this plasmid. Therefore, it was vital to de¢ne the attB site in chromosomes of recipient strains. Lysogenization of such strains by this phage may indicate the presence of attB sites in chromosomes of these strains.
We examined the lysogenizing ability of phage PC31 R3 for all strains from our collection to determine the presence of the attB site in chromosomes. Most Streptomyces strains can be lysogenized by phage PC31 R3 (Table 1) , i.e., the chromosome of these strains possessed the attB site for the integration of phage PC31 R3 and plasmid pTO1.
Phage PC31 did not lysogenize some Streptomyces strains (S. fradiae B-45, S. hygroscopicus ATCC 10976, S. lavendulae ATCC 1977, S. purpureus ATCC 21405, S. rimosus ATCC 23955, and S. venezuelae ATCC 10595) and strains of other genera of Actinomycetales (Table 2) , due to the absence of adsorption, which was tested by the method in [15] . Thus, we could not determine the presence or absence of the attB site in chromosomes of these strains.
Phage PC31 was not able to lysogenize the strain S. albus G, which contains the SalGI restriction endonuclease digesting DNA of this phage, while it was able to lysogenize the mutant S. albus sal43 strain, lacking this enzyme.
Intergeneric conjugation
As the result of intergeneric conjugation between E. coli S17-1 carrying pTO1 and di¡erent representatives of the order Actinomycetales, we obtained exconjugants for all Streptomyces strains. The frequency of exconjugant formation was 10 3Q^1 0 3S , with respect to the number of recipient spores (Table   Table 1 Transfer of plasmid pTO1 from E. coli S17-1 to Streptomyces spp.
Recipient strain
Biologically active substance by phage PC31 R3 . Surprisingly, exconjugants were obtained both with strains that could be lysogenized and with those that were insensitive to the phage. We obtained exconjugants even in strain S. albus G which contained the SalGI enzyme restricting DNA of this phage. This fact provides a possibility for plasmid introduction by conjugative transfer into strains which possess restriction endonucleases.
We obtained exconjugants with a number of strains belonging to other genera of the order Actinomycetales ( Table 2 ). The frequency of exconjugant formation was 10 3R^1 0 3S with regard to the number of recipient cells.
Intergeneric transfer of integrative vectors from E. coli to Streptomyces spp. was also demonstrated by Smokvina et al. [16] , who constructed pSAM2-based integrative vectors that incorporated the oriT region, by Bierman et al. [17] , who used site-speci¢c integration of plasmid via attachment site PC31 or via homologous recombination, and Matsushima et al. [18] , who used cosmid pOJ436 containing large inserts of chromosomal DNA for homologous recombination with the chromosome of Saccharopolyspora spinosa. The frequency of exconjugant formation in the works of these authors varied from 10 3Q to 10 3T , which is comparable with our results. It should be noted that all authors used di¡erent modi¢cations of the conjugation method and di¡erent vectors, which a¡ects the frequency of conjugant appearance.
The stability of inheritance of plasmid pTO1 with respect to the Th r marker was analyzed in the exconjugants obtained. All the strains of the genus Streptomyces, strains Arthrobacter auresceus and Rhodococcus rhodochrous M8 exhibited 80^100% stability of inheritance of the Th r marker after several passages through exconjugants under nonselective conditions. The percentages of plasmid maintenance in Actinomadura coerulea ATCC 33576, S. purpureus, and Micromonospora aurantiaca ATCC 27029 were 5, 10 and 50, respectively, under non-selective conditions, and 20, 30 and 60 under selective conditions. Although exconjugants of Nocardia asteroides ATCC 19247 did occur, they disappeared upon repeated plating on Th-containing medium. As regards the behavior of plasmid pTO1 in Rhodococcus spp., it was shown that plasmid pTO1 integrates into the chromosome and, in addition, can exist at a low copy number in an autonomous state in cells [6] . Table 2 Transfer of plasmid pTO1 from E. coli S17-1 to strains of the Actinomycetales order 
Integration of plasmid pTO1 into chromosomes of recipient strains
Exoconjugants of strains S. lividans TK64, S. aureofaciens VKPM AC 755, S. hygroscopicus ATCC 21705, and S. virginiae ATCC 13161 were analyzed for pTO1 plasmid status. To verify the possibility of plasmid incorporation into chromosomes of recipient strains, we hybridized restriction fragments of chromosomal DNAs from three independent clones of exconjugants (from each of four strains examined) with QP P-labeled DNA of pTO1 as a probe (Fig. 2) . Fragments hybridizing with a probe were shown to be identical within each group of three exconjugants. This indicates the possibility of vector integration at one chromosomal site in exconjugants of four strains. Integration of pTO1 into the chromosome of non-mycelium-forming Arthrobacter auresceus was shown as well by Southern hybridization.
In£uence of plasmid integration on strain cultural and morphological properties
A comparative analysis of morphological traits was conducted in the original strains S. hygroscopicus ATCC 21705, S. aureofaciens, S. virginiae and Arthrobacter auresceus as well as in their exconjugants carrying plasmid pTO1. We discovered that the presence of pTO1 had no e¡ect on cultural and morphological properties in strains S. aureofaciens and S. virginiae. As regards S. hygroscopicus exconjugants, they had retarded growth and a decreased number of spores. We discovered growth retardation in exconjugants of Arthrobacter auresceus. No e¡ect of plasmid pTO1 integration on cultural and morphological properties was observed in other strains analyzed.
Moreover, the level of antibiotic production was assessed in strains S. hygroscopicus ATCC 21705, S. aureofaciens, S. virginiae and in exconjugants of these strains carrying plasmid pTO1. The level of chlortetracycline and virginiamycin synthesis in exconjugants of S. aureofaciens and S. virginiae remained unaltered compared to that in the original strains. However, in exconjugants of S. hygroscopicus ATCC 21705, the level of bialaphos synthesis decreased twofold.
Therefore, the possible negative e¡ect of the presence of integrative plasmids on morphogenesis and the level of antibiotic production should be considered when using integrative vectors. Thus, plasmid pTO1 with a function of conjugative transfer can be transferred from E. coli S17-1 to a wide range of strains of the genus Streptomyces and other representatives of the order Actinomycetales. The simplicity of this method makes it extremely promising in strains for which other methods of plasmid transfer have not been worked out. With the use of this method, one can clone genes into E. coli and transfer the recombinant plasmids obtained into strains of the order Actinomycetales by conjugation. The ability of the phage PC31 integrative system to function in strains of di¡erent genera of the order Actinomycetales can be used for the development of integrative vector plasmids and stable maintenance of cloned genes in recipient strains.
